Phenylephrine and methoxamine are direct-acting, predominantly ␣ 1 adrenergic receptor (AR) agonists. To better understand their physiologic effects, we screened 463 articles on the basis of PubMed searches of "methoxamine" and "phenylephrine" (limited to human, randomized studies published in English), as well as citations found therein. Relevant articles, as well as those discovered in the peer-review process, were incorporated into this review. Both methoxamine and phenylephrine increase cardiac afterload via several mechanisms, including increased vascular resistance, decreased vascular compliance, and disadvantageous alterations in the pressure waveforms produced by the pulsatile heart. Although pure ␣ 1 agonists increase arterial blood pressure, neither animal nor human studies have ever shown pure ␣ 1 -agonism to produce a favorable change in myocardial energetics because of the resultant increase in myocardial workload. Furthermore, the cost of increased blood pressure after pure ␣ 1 -agonism is almost invariably decreased cardiac output, likely due to increases in venous resistance. The venous system contains ␣ 1 ARs, and though stimulation of ␣ 1 ARs decreases capacitance and may transiently increase venous return, this gain may be offset by changes in afterload, venous compliance, and venous resistance. Data on the effects of ␣ 1 stimulation in the central nervous system show conflicting changes, while experimental animal data suggest that renal blood flow is reduced by ␣ 1 -agonists, and both animal and human data suggest that gastrointestinal perfusion may be reduced by ␣ 1 tone. (Anesth Analg 2011;113:284 -96) 
P henylephrine is a direct-acting, predominantly ␣ 1adrenergic receptor (␣ 1 -AR) agonist synthetically derived from epinephrine, structurally different only in its lack of an hydroxyl group at position 4 on its benzene ring. 1 It exerts mild positive ionotropic effects when administered at high concentrations. [2] [3] [4] Methoxamine is a long-acting ␣ 1 -AR agonist, synthetically derived from epinephrine but different in the number and location of side groups (including O-CH 3 groups at both the C 2 and C 5 locations of the benzyl ring, as well as a CH 3 group attached to the ␣ carbon) 1 (Fig. 1 ).
Phenylephrine and methoxamine have similar effects on vascular resistance, although phenylephrine is 5 to 10 times more potent 5, 6 with a 3-fold higher maximum attainable response. 5 Phenylephrine is also shorter acting; a single dose of phenylephrine generally lasts Ͻ20 minutes, 7 whereas a single dose of IV methoxamine can exert its effects for as long as 60 minutes. 7, 8 Many early studies of ␣ 1 -AR agonism were conducted with methoxamine. Methoxamine's relatively long duration of action and consequent lack of titratability, combined with the ability to variably infuse phenylephrine, have obviated its use in modern clinical practice. 9 Because their mechanisms of action are similar (predominantly ␣ 1 agonism) and because some physiologic studies of methoxamine were never repeated with phenylephrine, this review of the physiology and experimental data of ␣ 1 -AR agonism will include data on both.
But why, some 60 years after phenylephrine was introduced into clinical practice, 10 did we choose to review the physiologic effects of these drugs?
First, practicing physicians are now squarely in the midst of a movement towards "goal-directed therapy." 11 The thought process underpinning goal-directed therapy is that, rather than using an intervention to treat an "abnormal" number, one should think critically about (a) which physiologic variables are most important (if this is known); (b) how a particular intervention affects these variables, even if they cannot be directly measured; and (c) whether manipulating these variables can change outcomes.
Favoring less important but immediately measurable variables, such as mean arterial blood pressure (MAP), over more important but less measurable variables, such as tissue oxygen delivery (DO 2 ), is the result of "tangible bias," our tendency to favor what we can see and understand over what we cannot. Despite the practicalities that preclude the routine measurement of regional blood flow, changes in global and regional blood flow should be anticipated any time hemodynamics are manipulated, with the goal being adequate DO 2 and nutrients to organs of interest.
Second, and equally important, is the idea that much of medical lore is based on tightly controlled animal experiments that may or may not be applicable to the intact organism. Although it may never be possible to reproduce these studies in humans in vivo, advances in mathematical modeling and computational biology (as exhibited by Magder et al. 12 ) have made it possible to critically assess the validity of these long-held physiologic truths.
Thus, we critically examined the use of both methoxamine and phenylephrine. Our initial search was conducted in PubMed, using the word methoxamine and limiting ourselves to randomized, controlled, human trials published in English. This resulted in 28 articles, the abstracts of which were reviewed for relevance. Articles describing the hemodynamic effects of methoxamine were examined in detail. We then repeated our search using phenylephrine as our key word (same limits), resulting in 435 articles that were similarly reviewed, acquired, and if applicable, read. Articles brought to our attention during the review process were included as well.
Before proceeding, 3 prerequisite axioms, on which the utility of this review are based, must be established. First, this review assumes that DO 2 is critical for the survival of cells, organs, and whole organisms. Second, that for all organs and organisms, there is an optimal DO 2 , which can be organ specific. Third, and perhaps most relevant, that despite a lack of data regarding the optimal DO 2 in most pathophysiologic states, anesthesiologists and intensivists will develop their own upper and lower limits of acceptability and, in general, will attempt to manipulate hemodynamics to maintain DO 2 in this range.
A COMPREHENSIVE APPROACH TO BLOOD FLOW Rationale
When studying the effects of any vasoactive drug on the cardiovascular system, it is not sufficient to focus (as many textbooks and articles do) on an arbitrarily chosen subset of the system (e.g., systemic arteries), and in the process ignore other components (e.g., central veins, right ventricle [RV]) that also affect the system as a whole as well as the region of interest. On the other hand, isolating the individual components of the cardiovascular system, all of which interact with each other in vivo, is useful from both experimental (such experiments are easier to conduct) and educational (simplified concepts are easier to understand) standpoints.
Thus, although many of the experiments cited in this review were either conducted in isolated experimental models or focused on a subset of the cardiovascular system, their relevance depends heavily on one's ability to integrate these findings into a more global model of the cardiovascular system.
The 6-Compartment Model
This review assumes that Magder et al.'s model of the cardiovascular system closely approximates reality. 12 Specifically, Magder et al. considered the cardiovascular system to be a "6-compartment" system (right heart, pulmonary arteries, pulmonary veins, left heart, systemic arteries, systemic veins) that forms an in-series closed loop. At any point in time, all 6 compartments have a given pressure and volume. Additionally, the 4 vascular compartments can be further described by their compliance (dV/dP), whereas the 2 cardiac compartments can be further described by the rate at which they move volume (dV/dt). In accordance with the law of conservation of mass, volume that is added to (or removed from) one compartment must be removed from (or added to) an adjacent compartment.
The implications of the 6-compartment model are that blood flow through the cardiovascular system is not merely a function of just how much pressure the left heart generates and how much resistance the systemic arterioles provide, but the result of a much greater number of interacting, codependent variables. The details of these interactions will be discussed in the appropriate sections below.
Regional Versus Global Blood Flow
When the effects of any intervention on all components of the cardiovascular system are considered, it is important to distinguish global from regional changes. For example, many drug studies focus on cardiac output (CO), presumably because CO is easy to measure and changes in global flow are thought to result in similar changes in regional blood flow; however, drugs may affect global and regional blood flow inversely (e.g., increasing CO while decreasing blood flow to the kidneys). Thus, simply measuring CO changes may not give adequate insight into the utility of a particular drug, and in some instances may be misleading.
THE MATHEMATICS AND PHYSICS OF FLOW Ohm's Law and Mathematical Notation
Textbooks commonly compare blood flow in the cardiovascular system with the flow of electrical charge (dQ/dt) across a voltage differential (E) in a single resistor (R) circuit (Ohm's law):
Often, when this relationship is applied to blood flow, it is rearranged as follows (common rearrangement of Ohm's law):
MAP ϭ CO ϫ systemic vascular resistance (SVR) (2) Although "mathematically correct," this equation can be misleading. Convention dictates that the dependent variables of an equation are always written on the left-hand side of an equals sign and that the independent variables are on the right. Just as the placement of a single digit has meaning when describing a multidigit number (123 does not equal 213), the location of variables in a mathematical equation is designed to convey important information. One is led to infer from Equation 2 that changes in CO affect MAP. Blood flow can most easily (and correctly) be described as follows:
(analogy of Ohm's law for global blood flow). Equation 3 introduces 2 important points -first, because the individual organs that resist blood flow exist in parallel, SVR can be related to the inverse of all individual regional vascular resistances (RVR) in accordance with Kirchoff's circuit laws (1/R total ϭ 1/R 1 ϩ 1/R 2 ϩ … ϩ 1/R n ). Second, because the body regulates blood pressure (and not CO) primarily through alterations in vascular resistance brought about by changes in sympathetic tone, MAP can remain stable over a wide variety of hemodynamic states in which CO is inversely related to vascular resistance. Thus, CO is a complex function of global efforts to regulate MAP despite multiple regional systems that alter RVR in an attempt to autoregulate. Still, the common rearrangement of Ohm's law (Equation 2) does have practical utility in physiologic states in which CO is fixed, such as during cardiopulmonary bypass or in an autoregulated, healthy cardiovascular system. In both instances, pressure can be considered dependent on blood flow if, and only if, the pressure generator is capable of increasing pressure (with attendant increases in energy consumption) in response to increased vascular resistance.
Indeed, human studies have shown that with massive blood loss, the healthy, intact cardiovascular system will regulate MAP by manipulating afterload at the expense of CO. 13 More recent studies of the hemodynamic response to tracheal intubation have confirmed that from a whole-body perspective, preservation of MAP takes precedence over CO. 14 That said, if pressure generation is fixed or limited, blood flow will further diminish as resistance to flow is increased. It must be kept in mind that even in these idealized situations, if pressure generation were to cease, so too would the flow of blood through the cardiovascular system.
When thinking about the cardiovascular system as a whole, particularly in nonidealized situations (e.g., cardiovascular failure, loss of autoregulatory reflexes) or regional blood flow, one must appreciate that resistance to flow and pressure generated by ventricular contraction make equal contributions to the determination of both regional and global blood flow (and thus, DO 2 ).
Thus mathematical equations-which describe physical reality in terms that can be quantified, understood, and applied-profoundly influence our conception of reality, and are of great importance. But Ohm's law, which describes the movement of electrical current through a circuit when a constant voltage is applied, and is often used to model the human cardiovascular system, is not perfect. It does not adequately describe the movement of electrical current in cases in which the voltage differential varies with time (e.g., alternating current). When the electrical potential changes, the resulting current changes as well; how much so depends on both the resistance and the "capacitance" of the circuit.
An Introduction to Capacitance (and Compliance)
Capacitance is the ability to store potential energy. In electrical engineering, electrical capacitance (C AP,elec ) is defined as the amount of charge (Q) stored given an applied voltage potential (E):
An electrical circuit with a high capacitance will be more resistant to rapid changes in voltage. When applied voltage is increasing, some of the current that would normally travel through the resistive elements of the circuit instead accumulates in the capacitive elements of the circuit, "smoothing out" fluctuations in current. This phenomenon is often referred to as dampening.
If one considers electrical capacitance, movement of current through an electrical circuit can no longer be described in simple linear terms. A differential equation is required:
which is flow of current through an RC series circuit, 15 where E(t) is voltage as a function of time.
Similarly, the driving force of the human cardiovascular system is pressure generated by a pulsatile heart, and the vessels themselves act as capacitors. In the arterial systems, compliant vessels store mass (blood) and potential energy (pressure ϫ volume) during systole and deliver mass (blood) and energy (pressure ϫ volume) to the human "circuit" during diastole. The end result is that the capillary beds receive a more constant stream of blood, despite the pulsatile nature of the heart. This is referred to as the windkessel effect, 16 and its conceptual development is attributed to Otto Frank. 17 The major systemic arterial capacitance vessels include the aorta and large arteries, which exist in parallel with the resistive elements of the vasculature, and because the upper and lower body contain capacitance vessels of different lengths, the systemic vascular system is most appropriately modeled as a 2-capacitor circuit. 18 A major difference between the cardiovascular system and an analogous electrical circuit is that the cardiovascular system stores mass (volume), not charge.
Volume exists in 2 states: hemodynamically inactive "unstressed" volume (defined as the amount of blood present in the venous system where venous transmural pressure is 0 [approximately 70% of total venous blood volume]), and hemodynamically active "stressed" volume (defined as the difference between total venous blood volume and unstressed volume). 19 From the standpoint of measuring flow as a function of changes in pressure, volume, compliance, and resistance, it is only the stressed volume that matters. Importantly, hemodynamic changes (e.g., vasoconstriction) can convert "unstressed" volume to "stressed" volume as a compensatory means, 20 without necessarily changing vascular compliance. 19 There is no electrical equivalent for "unstressed volume."
Thus, it is useful to think of the vasculature not only in terms of the amount of volume stored at a given pressure (defined as vascular capacitance, Equation 6 ), but also in terms of vascular compliance, defined as a change in volume that results from a change in pressure (Equation 7). 19 Vascular compliance is inversely related to vessel stiffness (). Vascular capacitance is defined as C AP,vasc ϭ V/P (6) and vascular compliance as
Note that while convention dictates that the ability to store electrical energy in the form of charge is referred to as electrical capacitance, the ability to store energy in the form of pressure is more appropriately described by vascular compliance (because it appropriately neglects the "unstressed" volume that is energetically inactive), and for the purposes of this analogy, electrical capacitance (Q/E) and vascular compliance (⌬V/⌬P) can be considered interchangeable, although they will be abbreviated as C AP,elec and C OM,vasc (or 1/), respectively. As with the electrical circuit driven by an oscillating voltage potential, blood flow through a compliant vessel is not simply a function of "resistance," but must also consider arterial compliance and the volume of blood contained in the vessel at that moment:
Equation 8 describes blood flow through a compliant vessel, or what is known as the "Two Element Windkessel
Model." Models incorporating up to 4 elements have been developed, and increasingly approximate experimental observations. 21, 22 Therefore, although hemodynamic data can be used to calculate systemic vascular "resistance," this value is a combination of resistance to blood flow when a constant driving force is applied, the instantaneous directional change in pressure (dP(t)/dt), and compliance, all of which affect blood flow-their relative contribution changes depending on the hemodynamic state. To truly appreciate the oscillatory component of afterload, one must decompose both the pressure and flow waveforms into their harmonic components, the end result of which is the bipartite concept of vascular impedance (abbreviated Z, comprising modulus and phase), the details of which are beyond the scope of this review but are thoroughly detailed elsewhere. 23 Arterial compliance may also affect myocardial oxygen consumption (mVO 2 ). Kelly et al. 24 studied the effects of compliance changes on ventricular efficiency in adult dogs, by altering the compliance of the abdominal aorta with a rigid plastic graft. The plastic conduit reduced arterial compliance by 60%-80%, resulting in an 11.9% increase in MAP despite a 10.5% decrease in CO (calculated SVR increased by 20%). Despite the roughly equal oppositional changes in pressure and volume, implantation of the rigid graft resulted in a 32% increase in mVO 2 and a 32% decrease in ventricular efficiency, reflecting the relatively substantial contribution of pressure work (energy intensive, in comparison with volume work) in the determination of myocardial oxygen needs. Interestingly, the increase in myocardial consumption was directly proportional to the increase in pressure volume area (PVA; see PUMP WORK AND VENTRICULAR EFFICIENCY section, below); however, because the authors did not increase vascular resistance independently of compliance, it is impossible to know for certain whether an isolated decrease in compliance also worsens ventricular efficiency.
The venous systems, by contrast, are much more compliant than are the arterial systems, and, by comparison, store more volume (70% of total blood 25 ) and less potential energy. Thus, although arterial compliance primarily affects the arterial waveform and afterload, venous compliance impacts the cardiovascular system through several different mechanisms, all of which are based on an understanding of the venous function curve and the concept of mean circulatory filling pressure (MCFP).
Venous Function Curve
The venous function curve, as originally described by Guyton, 26 describes the effect of changes in right atrial pressure (RAP) on venous return: as RAP is increased, venous return (and CO) decreases, and ultimately becomes zero as RAP approaches MCFP. Similarly, as RAP is decreased, venous return increases, reaching a maximum at the point at which veins collapse (atmospheric pressure, or higher in the setting of positive end-expiratory pressure).
Guyton's venous function curves can also be understood working backwards, i.e., starting from the position of no CO. 19 When CO is zero, blood pressure in the pulmonary and systemic arterial and venous systems will be equal; this is referred to as the MCFP, and is a function of total blood volume as well as arterial and venous compliance in both the pulmonary and systemic vasculatures. As the left ventricle (LV) and right ventrical (RV) begin to pump blood, arterial pressures will increase above MCFP. Venous pressures will decrease below MCFP, thereby establishing a pressure gradient (required for blood flow) across the pulmonary and systemic vasculatures, and shifting volume from the venous compartments to the arterial compartments. As CO increases further, arterial pressures will necessarily continue to increase, venous pressures will continue to decrease, and increasing volume will be shifted towards the arterial compartments.
For a given blood volume and vascular compliance, the cardiovascular system can exist at any state that lies on its venous function curve. Traditional teaching espouses that this state depends on where the venous function curve intersects the CO curve (because, at steady state, total venous blood return must equal CO). The CO and venous function curves are often plotted together to make this calculation, which can be misleading because although RAP is closely related to right ventricular preload, the ability of RAP to reflect LV preload is dependent on the physiologic state of the pulmonary vascular tree as well as on that of the left ventricle.
This added complexity complicates Guyton's classic teaching and suggests that Guyton's venous function curves, which were derived in experimental animal models, may not be directly applicable in vivo. [27] [28] [29] Regardless, Guyton's major premise, that venous return is just as important as cardiac outflow in determining steady-state blood flow, still holds true, and has major implications, as noted below.
Despite the controversy surrounding the shape of the venous function curve in vivo, it is generally thought that venous compliance impacts CO through 3 mechanisms. First, because venous pressures decrease with increasing CO but cannot decrease below the point of venous collapse, the maximum attainable CO is impacted by both blood volume and venous compliance (or, as was more precisely described by Levy in 1979, the ratio of venous to arterial compliance 30 ). Second, steady-state CO is at least partially dependent on the configuration of the venous function curve, which is a function of venous compliance. Third, by redistributing blood volume towards (or away from) the central vessels, atria, and ventricles, 31 changes in venous resistance and compliance can profoundly affect ventricular end diastolic volume, and thus CO. 32 
Relative Importance of Arterial and Venous Vascular Resistance
Because the majority of SVR is provided by the arterioles, it may seem counterintuitive that venous resistance and compliance could significantly impact CO. Indeed, 51 years after Guyton published his venous function data, the utility of his models was still being debated in the literature. 33, 34 The debate about whether Guyton's models are applicable in vivo is a misunderstanding of his experiments and his conclusions. Guyton's venous function curves were developed by cannulating the right atrium and aorta, 26 bypassing both ventricles and the lungs. A mechanical pump (connected in series with a piece of collapsible tubing, connected proximally [i.e., a "Starling resistor"]) was placed in between. 33, 35 As the height of the Starling "resistor" was changed, inflow to the pump was variably throttled, resulting in changes in both RAP and venous return. Technically, the independent variable in this arrangement was flow 33, 35 (determined by the Starling resistor), not RAP (although if one accepts that blood moves down a pressure gradient, the origin of the pressure gradient is not relevant). Maximal output was limited by the point at which the tubing collapsed (0 mm Hg). This arrangement is not necessarily what happens in live animals with a closed chest and interacting pulmonary and systemic circulations, pumps that depend on preload, varying thoracic pressures, and central venous systems that may, in some instances, remain patent even at subatmospheric pressures. Studies of closed-chest humans after cardiac surgery have produced mixed results. Some authors have suggested that Guyton's relationship holds, 27 and others have failed to elucidate a relationship between venous return and P RA . 29 Thus, Guyton's initial experiments, which established that decreased resistance to venous return (and the resultant increase in venous pressure gradients) lead to increased venous return in an experimental system, were unable to attribute these changes in venous return to changes in RAP.
To better understand the impact of changes in venous resistance on venous return and CO, Guyton compared selective increases in either arterial or venous resistance in anesthetized dogs (right-heart bypass preparation). 36 Vascular reflexes were abolished using spinal anesthesia. Arterial resistance was then increased by injecting glass beads into the aorta, and venous resistance was increased by tightening inflatable cuffs implanted around the vena cava.
Interestingly, doubling SVR via the injection of glass beads led to a 15% decrease in CO and a 75% increase in blood pressure, whereas doubling SVR via constriction of the vena cava reduced CO by 65%, presumably by sequestering blood in the venous system, and thus depriving the ventricles of the preload needed to maintain CO (postulated, but not proven, by Guyton in this article 36 ). Indeed, no amount of isolated arterial resistance (even a 500% increase in SVR) could decrease CO to the extent achieved by a relatively modest increase in venous resistance (50% increase in SVR via constriction of vena cava).
Clearly, the canine left ventricles in this experiment were better able to maintain stable CO despite increased arterial resistance, in comparison with increased venous resistance. This was likely due to differences in vascular distensibility. Arteries, which are relatively nondistensible, are unable to remove significant volume from the circulation despite increased resistance to flow. Increased arterial resistance does not markedly decrease cardiac filling unless the heart cannot maintain constant CO despite increased afterload. By contrast, veins, which are highly distensible (compliant) and store approximately 70% of total blood volume, can almost immediately sequester relatively large amounts of blood despite increased resistance to flow, essentially robbing both the left and right ventricles of preload.
Thus, in 1958, Guyton's experimental data began to provide proof that the all-encompassing concept of "systemic vascular resistance" and tacit assumption that SVR is due to arterial tone may not be physiologically relevant, because the location of vascular resistance is critical and is not accounted for by simply dividing pressure gradients by CO. This idea was further refined by separating the regulation of venous flow into changes in compliance and resistance, which can occur independently of one another. 19 
Pressure Wave Reflections
Further complicating hemodynamic predictions is the 3-dimensional shape of the cardiovascular system. Whereas electrical circuits are made of wire that rarely vary in size, shape, or composition, the "wires" of the human cardiovascular system vary greatly, both in terms of their stiffness and shape as well as their branch points.
As a pressure wave travels down the vascular tree, it meets additional resistance at places where the vascular tree branches or where vascular impedance (a combination of resistance and compliance) changes quickly. 37 At these branch points and changes in impedance, part of the pressure wave is reflected back towards the heart (much as ultrasound waves emitted by an echocardiography probe are partially reflected by tissue interfaces), thus reducing the driving force for forward blood flow. Normally, these pressure waves reach the left ventricle during diastole, where they can either contribute to coronary perfusion 38 or be absorbed by the closed aortic valve. In cases in which vascular compliance is significantly reduced (e.g., with atherosclerosis or aging), these reflected pressure waves travel more quickly, and can arrive back at the left ventricle before aortic valve closure, decreasing the speed of myocyte shortening. 39 The relative contributions of resistance, compliance, and pressure waves to ventricular afterload are difficult to tease apart, because most interventions (e.g., vasoconstrictors) affect all 3 variables simultaneously. 37 In addition to increasing arteriolar resistance, vasoconstrictors (including phenylephrine 6 ) appear to augment these arterial tree reflections by decreasing compliance and accelerating pressure wave conduction. 40 
SUPPLY AND DEMAND-THE ECONOMICS OF CARDIAC PERFORMANCE
Oxygen delivery (DO 2 ) is preeminently important in the context of oxygen consumption (VO 2 ). Thus, when considering the hemodynamic effects of drugs on the heart, one must have an appreciation for both coronary artery perfusion (supply) and mVO 2 (demand).
Supply (Coronary Artery Perfusion)
Heyndrickx et al. studied the effects of methoxamine on coronary blood flow in healthy, conscious dogs, with both paced and spontaneously beating hearts. In the paced hearts, methoxamine increased coronary blood flow, whereas in the spontaneously beating hearts, coronary blood flow decreased 8% (despite increasing MAP by 55%, and decreasing heart rate by 13 beats per minute [bpm]). 41 Woodman and Vatner 42 gave phenylephrine (0.5 and 1 g/kg/min) to unanesthetized dogs autonomically blocked with hexamethonium, propranolol, and atropine and found that phenylephrine increased MAP but had no effect on coronary blood flow. Crystal et al. 43 administered phenylephrine (2.8 g/kg/min) to anesthetized dogs and found that although myocardial blood flow increased by 60%, mVO 2 increased by 61%. Neither arterial-coronary sinus oxygen difference, coronary sinus Po 2 , or coronary sinus saturation changed significantly.
Miller et al. studied the effects of phenylephrine on coronary blood flow in humans, by administering nitroglycerin to 17 paced patients undergoing cardiac diagnostic catheterization (MAP decreased by an average of 10.5 mm Hg), and then randomizing them to phenylephrine (50 to 90 g/min) versus no intervention. At 10 minutes postnitroglycerin, coronary sinus blood flow was significantly higher in the phenylephrine group. 44 Indeed, studies of ␣ 1 receptor density in humans have confirmed that the coronary arteries contain ␣ 1 receptors, although the amount (2.1 fmol/mg protein) is significantly less than that found in the other, similarly sized arteries, such as the mammaries (6.0 fmol/mg protein). 45 Loeb et al. 46 studied the effects of methoxamine (2 mg/min) in 20 patients with stable, ischemic heart disease (mean MAP 90 mm Hg before intervention), finding that it increased coronary sinus flow by 82% but also increased mVO 2 by 77%. The arterial-coronary O 2 saturation difference was unaffected (64% in both instances), however. Fifteen percent of patients receiving methoxamine displayed ST segment changes.
Antonopoulos et al. administered phenylephrine (80 g/min) to 41 hemodynamically stable patients with documented coronary artery disease, increasing MAP by 30% above baseline. Sixty seconds after achieving an increase in blood pressure, 2 mCurie (mCi) of thallium (Tl) were injected and Tl scintigraphy was performed 2 and 240 minutes after Tl injection. Scintigraphy after phenylephrine infusion revealed 152 defects (average 14% of evaluated segments), and the size of the defect was directly related to the number of diseased vessels. The authors concluded that blood pressure increase accompanying phenylephrine produced a significant impairment of myocardial perfusion. 47 Unfortunately, the authors did not include data on myocardial perfusion before administration of phenylephrine.
Taken together, these studies suggest that although increased pressure can maintain global perfusion, depending on how achieved, it may still lead to a maldistribution of regional myocardial blood flow.
Demand (Afterload)
Afterload () is a measure of the forces against which the heart must work to generate a given CO. In its purest form, it is defined as the forces opposed to LV fiber shortening (i.e., LV wall stress). 48 SVR is considered by most practitioners as equivalent to afterload. 48 However, as noted above, SVR is an oversimplified quantification of hemodynamics.
Unfortunately, true afterload cannot be readily measured except in the experimental setting. It can be best approximated by calculating circumferential wall stress (S), in a variation of Laplace's law known as Lame's equation. 37 Although more difficult to calculate than is SVR, it gives a more accurate indication of cardiac energy expenditure, and is more specifically proportional to mVO 2 . 49 S ϭ Pr/h (8) where S ϭ wall stress, P ϭ pressure, r ϭ radius, and h ϭ thickness. An important implication of Lame's equation is that afterload is not simply a function of resistance, compliance, and wave reflections, but is also dependent on the geometry of the left ventricle itself. During systole the ventricular wall thickens as its radius contracts, which reduces LV wall stress.
In the latter half of systole, afterload is reduced simply because LV radius is smaller and wall thickness is greater. All other things being equal, a heart operating with more shortened myocytes (e.g., as may occur after ␤ adrenergic stimulation) will work against less "afterload," because it will spend proportionately more time in a favorable (smaller radius) geometrical configuration. Lang et al. studied the effects of methoxamine, nitroprusside, norepinephrine, and dobutamine on 8 anesthetized, intubated, and catheterized (left and right heart) but otherwise healthy dogs. 48 Using Grossman's previously validated method 49 to calculate afterload, Lang et al. found that SVR is an almost 2-fold underestimate of LV wall stress after administration of methoxamine (SVR increased 48%, whereas LV wall stress increased 86%). Norepinephrine led to a 21% increase in calculated SVR, but measured LV wall stress actually decreased by 9% because of increased contractility and a subsequent decrease in ventricular size. Thus, in some instances, SVR is not simply off by a percentage, it changes in the opposite direction of wall stress 48 (Figs. 2 to 4) .
Guyton et al.'s experiments on selective vascular resistance further support this view, because changes in SVR bore almost no relationship to changes in either CO or afterload. Indeed, isolated increases in arterial resistance led to significant increases in aortic blood pressures, whereas equivalent increases in venous resistance led to almost no change in aortic blood pressure. 36 
PUMP WORK AND VENTRICULAR EFFICIENCY Pump (Mechanical) Work
Afterload, which measures force, is related to but distinct from work, the application of force over distance. Pumps work by applying pressure to a displaced volume, and produce both pressure work (increasing pressure) and volume work (movement of volume), both of which require the expenditure of energy. Mathematically, the amount of mechanical work done by a pump is represented by the area inside the curve of a pressure-volume (PV) loop:
Pdv (9) Note that although pressure work and volume work can be thought of separately, neither can occur in the absence of the other. Increased pressure without moving volume does not result in work, nor does moving volume if pressure is not accordingly increased.
In situations in which CO (volume pumped) is desired, pressure work is inefficient because increased ventricular pressures necessitate the formation and release of additional myosin-actin cross-bridges (which consumes adenosine triphosphate), but does not increase flow. The shape of the PV loop can provide a visual estimate of volume-based ventricular efficiency. Multiple studies in humans have shown that phenylephrine reduces CO and increases measured vascular resistance, 50 -52 which heightens the resultant PV loop, and usually decreases stroke volume (Fig. 5 ). 53, 54 Internal Work Unlike an inanimate, mechanical pump (e.g., internal combustion engine) that requires no energy when not functioning, the heart requires energy to maintain its cellular integrity even when not contracting.
In addition, the heart requires energy expenditure to generate pressure even when no volume is moved. This is referred to as internal work (also termed potential energy) and can be attributed to electrical activation and excitationcontraction coupling (calcium cycling). 55 Suga et al. noted that differing combinations of pressure and volume work (which produce an identical amount of mechanical work) require different amounts of oxygen consumption, 55, 56 and that these differences could be attributed to increases in internal work required to function at different physiologic states (Fig. 6A ). Unlike the PV loop area, total pressure-volume area (PVA, Fig. 6 , B-C) reliably estimates myocardial VO 2 in an isolated canine heart model, as was shown by Suga, 57-59 Khalafbeigui, 60 and Burkhoff 61 in a series of experiments conducted over a period of 10 years.
Ventricular Efficiency
The term ventricular efficiency has several definitions, but is usually thought of as CO per milliliter of oxygen consumed. Note that this definition assumes that the quantity of blood flow is more important than the pressure required to deliver it. From this volume-based ventricular efficiency standpoint, increased pressure work and internal work are wasteful and should be minimized.
Phenylephrine decreases volume-based ventricular efficiency by shifting myocardial mechanical work from volume to pressure work, and presumably by increasing internal work (although PVA has not been specifically studied in humans, this can be surmised by analyzing the resulting PV loops, Fig. 5 ). A study comparing phenylephrine with epinephrine, norepinephrine, dopamine, dobutamine, and isoproterenol in piglets under general anesthesia suggested that of these 6 vasoactive drugs, phenylephrine was the only one that did not increase the CO/PVA ratio. 62 In instances in which perfusion pressure is deemed more important than global blood flow (e.g., optimizing cerebral perfusion pressure), volume work is wasteful, because it does not necessarily lead to increased blood pressure but still requires additional mechanical work (and expenditure of energy). Thus, from a practical standpoint, the "efficiency" of the heart depends not only on work done per energy consumed, but also on what type of work is needed most (volume or pressure).
EFFECT OF ALPHA-ADRENERGIC AGONISTS ON INDIVIDUAL ORGAN SYSTEMS Cardiovascular System
Left heart and CO. Smith et al. 63 randomized 60 carotid endarterectomy patients to anesthesia (MAC 1.04) with no ionotropic drugs versus deeper anesthesia (MAC 1.43) with administration of phenylephrine to maintain systolic blood pressure within 20% of baseline. Intergroup differences in blood pressure were insignificant; however, the phenylephrine group was burdened with a 40% increase in LV end-systolic wall stress as estimated by transesophageal echocardiography, a 160% increase in the incidence of segmental wall motion or wall thickening abnormalities, and a 32% reduction in the rate-corrected velocity of circumferential fiber shortening.
Goertz et al. 64 ,65 compared phenylephrine to norepinephrine in both volunteers and cardiac surgery patients, both under general anesthesia. In 16 volunteers (2 g/kg of phenylephrine vs. 0.1 g/kg of norepinephrine) and 38 cardiac surgery patients (2 g/kg of phenylephrine vs. 0.05 g/kg of norepinephrine), both drugs produced identical changes in MAP, but phenylephrine produced significantly higher wall stress (estimated from transesophageal echocardiographic measurements) and significantly lower fractional area change (and presumably, CO) in comparison with norepinephrine.
Sharrock et al. 50 compared phenylephrine (2 to 20 g/min) with epinephrine (1 to 5 g/min) in 30 patients undergoing epidural anesthesia and found that despite no difference in MAP, phenylephrine led to slower heart rate and CO. 52 Brooker et al. conducted a similar study in 13 patients undergoing spinal anesthesia and found that phenylephrine significantly reduced CO, in comparison with epinephrine. 51 Langsesaeter et al. also studied the effects of phenylephrine (0.25 g/kg/min) in patients undergoing spinal anesthesia, comparing it with placebo in 80 women undergoing cesarean delivery. While phenylephrine clearly increased systolic blood pressure, it also led to significant reductions in CO in comparison with that in controls. A more recent comparison of phenylephrine infusion rates in the setting of spinal anesthesia for elective cesarean delivery found that the maximal decrease in CO was linearly related to the dose. 66 Systemic venous return. Multiple animal studies have shown that ␣ 1 -agonists are venoconstrictors, and thus capable of increasing MCFP. 2,67-69 Appleton et al., for instance, found that 8 to 20 g/kg/min of phenylephrine increased MCFP by 49% in lightly sedated dogs. 2 Although an isolated increase in venous tone may transiently increase CO, whether or not a pharmacologically mediated increase in venous tone leads to increased venous return in the intact organism has been debated. 70 Unlike the increased skeletal muscle tone that accompanies exercise, or the increase in stressed volume that occurs after fluid administration, all of the known drugs that increase venous tone have the potential to cause accompanying increases in arterial and venous resistance, potentially negating any improvements in venous return. 71 In an illuminating review, Gelman and Mushlin pointed out that 25% of total body blood volume is present in the splanchnic organs, making them an important hemodynamic reservoir. Furthermore, they suggested that ␣ 1agonists have a dose-dependent effect on venous return; the initial response being an increase in venous return as the splanchnic vasculature is "unloaded," followed by a decrease in venous return at higher doses as the effects of vasoconstriction and venoconstriction (decreased organ outflow) predominate. 72 The idea that the splanchnic circulation is an important reservoir for venous blood is strongly supported by Flamm et al.'s study of blood volume distribution in exercising humans. Flamm's group exercised 14 healthy volunteers on stationary bikes, increasing workloads from rest (VO 2 averaged 5.8 mL/kg/min) to VO 2max (average 39 mL/kg/min). CO increased by 170% at maximal values, but organ-specific blood volumes (measured with technetium 99-m scanning) decreased by 46%, 24%, and 18% in the spleen, kidneys, and liver, respectively. By contrast, organ-specific blood volumes increased by 50% and 24%, respectively, in the lungs and heart. 32 Particularly appealing about the splanchnic venous reservoir concept is the fact that the splanchnic vasculature exists in parallel (1/R Total ϭ 1/R 1 ϩ 1/R 2 ϩ … ϩ 1/R n ) with the remainder of the systemic circulation, thus attenuating the increase in venous resistance that would otherwise accompany venoconstriction, while at the same time allowing the body to mobilize a significant amount of volume. 19 Thus, it appears that ␣ 1 -agonists' effects on the venous circulation have the ability to both increase (by reducing venous compliance, thus converting unstressed volume to stressed volume and increasing preload) and decrease (primarily through increases in venous resistance) CO. The end result is likely related to dose of the drug and the sensitivity of the individual organism and tissues. This idea is supported by Zandberg et al.'s dose-response study of methoxamine in dogs who had undergone spinal anesthesia. Initially, methoxamine increased both CO (maximally at 0.6 mg/kg/h of methoxamine) and blood pressure, although at increasing doses, CO began to decrease 73 (Fig.  7) . Interestingly, calculated SVR was increased even at low doses (0.3 to 0.6 mg/kg/h), suggesting that the increased CO was due to increases in stressed volume and preload.
A limited number of human studies also support the idea that 247, 444, and 687 mL, respectively), suggesting that both drugs decrease venous compliance through enhanced tone. Perfusion pressures changed by 23, 0.13, and 15 mm Hg, respectively, suggesting that phenylephrine and high-dose dopamine increased vascular resistance (and thus, afterload), whereas low-dose dopamine had no effect on vascular resistance, despite its ability to increase venous return 74 (Fig. 8) . Right heart and pulmonary circulation. Because systemic compliance is approximately 7 times that of the pulmonary circulation, 67,69 the pulmonary vascular system cannot store as much latent "preload" as does its systemic counterpart. That said, because the left heart relies on the right heart for preload, and the right heart traditionally faces significantly less afterload than does the left, changes in pulmonary vascular resistance can profoundly impact the cardiovascular system as a whole.
Studies of ␣ 1 receptor density in humans have shown that the pulmonary arteries contain a higher density of ␣ 1 receptors than does any nonsplanchnic organ. 45 Tuman et al. examined the effects of phenylephrine on right ventricular function in patients undergoing coronary artery surgery, and found that postinduction phenylephrine (titrated to increase systolic blood pressure to 20% above baseline) significantly increased right ventricular end-diastolic volume index (RVEDVi) (from 86.3 to 97.5 mL/m 2 , P ϭ 0.0001) 75 without significantly impacting cardiac index. Pulmonary vascular resistance, however, increased from 62.0 to 157.2 dyne ⅐ s ⅐ cm Ϫ5 , suggesting that the increase in RVEDVi was due to an increase in pulmonary vascular resistance, and not venous return.
Brain
It is generally thought that the cerebral vasculature lacks significant ␣ 1 receptors, mostly on the basis of animal experiments (such as Harik et al.'s data from rat and pig models 76 ), although this assertion is refuted by other data from bovine, 77 rat, 78 and gerbil 79 models, as well as some human data. 80 Nevertheless, phenylephrine has been used to increase cerebral perfusion pressure. Although Doppler studies have been used to suggest that cerebral autoregulation is intact during general anesthesia, 81 they have also been used to show that phenylephrine increases blood flow velocity in the intracranial vessels of animals with experimental neurologic injuries (and presumably a disrupted cerebral autoregulatory curve). 82 However, increased velocity does not necessarily imply increased flow, especially if achieved through the actions of a vasoconstrictive drug.
Studies of phenylephrine on cerebral blood flow (CBF), as opposed to velocity, are rare. Kitaguchi et al. studied the effects of methoxamine on 10 patients with ischemic cerebrovascular disease undergoing extraintracranial artery bypass and, using the Kety-Schmidt inert gas saturation technique, found no relationship between CBF and methoxamine-induced increases in MAP. 83 Joseph et al. studied the effects of phenylephrine on 5 vasospastic subarachnoid hemorrhage patients and found that mean CBF in the right frontal cortex increased by 75% in the vasospastic cortical regions, but did not report CBF in the nonvasospastic cortical regions. 84 
Kidneys and Other Organs
Studies of ␣ 1 receptor density in humans have shown that the renal arteries contain a relatively high density of ␣ 1 receptors (24 fmol/mg protein), in comparison with other, similarly sized vessels, such as the mesenteric arteries (13 fmol/mg protein). 45 Human physiologic studies are largely absent; however, Grangsjo and Persson 85 studied the administration of vasoactive drugs on canine renal blood flow. Three normotensive dogs under general anesthesia received methoxamine (doses ranged from 0.17 to 0.6 mg/kg), which immediately resulted in significant reductions in urine output (in 1 animal, measured renal blood flow decreased from 110 to 10 mL/min) and total cessation of urine output within minutes. Three hypotensive dogs (bled through a femoral artery catheter to blood pressure [systolic or diastolic not distinguished] Ͻ50 mm Hg) also received methoxamine (0.3 to 1 mg/kg), which similarly reduced renal blood flow by 70%-80%, despite significant increases in blood pressure and renal perfusion pressure ( Fig. 9 ). Norepinephrine, by contrast, increased medullary blood flow and resulted in an increase in urine output when administered as a continuous infusion (0.03 to 0.6 g/kg/min) in Grangsjo and Persson's experiments. 85 At least 1 case of overt renal failure induced by phenylephrine administration in humans has been reported. 86 Hoffbrand et al. administered vasopressors to unanesthetized rhesus monkeys, and found that although norepinephrine (0.5 to 3 g/kg/min) redistributed CO towards the heart and skeletal muscles, methoxamine increased vascular resistance uniformly and reduced CO at both low (20 to 100 g/kg/min) and high (150 to 500 g/kg/min) doses (by 20% and 43%, respectively). Both doses of methoxamine significantly reduced blood flow to the kidneys, spleen, pancreas, and lungs, and high-dose methoxamine significantly reduced blood flow to the brain (regional resistance increased by 54%), heart (regional resistance increased 79%), gastrointestinal tract, and skeletal muscles, and of all the organs measured, spared only the adrenals 87 (Fig. 10) .
Heyndrickx et al. found that when escalating methoxamine doses from 5 to 50 g/kg/min in healthy, conscious dogs, MAP values increased to 25, 35, and 55% above baseline, but CO decreased by 9% at lower doses and by as much as 31% at high doses. Importantly, renal blood flow decreased 13%-37% at the same doses. Mesenteric blood flow decreased 32%-46%. High dose methoxamine, which increased MAP by 55%, produced a trend towards reduced coronary blood flow. 41 Nygren et al. compared phenylephrine with norepinephrine (dosed to increase MAP by 30% for 30 minutes) in patients at the end of coronary artery bypass graft surgery, and found a larger increase in arterial lactate, splanchnic oxygen extraction, and mixed venous-hepatic vein saturation gradient in the phenylephrine group, suggesting that both global and gastrointestinal organ perfusion were relatively decreased in the phenylephrine group. 88 
CONCLUSIONS
In both animal and human studies, the effect of ␣ 1 AR agonists on global CO depends on dosing as well as the complex interplay between the arterial and venous vasculature of both the pulmonary and systemic systems. ␣ 1 AR agonists have the potential to both increase and decrease CO, the former via venoconstriction and conversion of unstressed to stressed volume (thus increasing preload), the latter by restriction of venous return (thus decreasing preload). Except in cases of myocardial failure or impaired autoregulation, the effects of ␣ 1 AR agonists on CO are mediated predominantly by interactions with the venous system, whereas the effects of ␣ 1 AR agonists on mVO 2 are mediated predominantly by interactions with the arterial system and the resultant increases in pressure work. At most doses studied (and used clinically), ␣ 1 AR agonists tend to reduce CO and increase blood pressure, myocardial work, and oxygen requirements, which may be associated with myocardial injury. In the experimental setting, they have not been shown to increase blood flow in any organ system, and may significantly decrease coronary perfusion, although their effects on individual organs vary substantially. . Effects of methoxamine on regional blood flow in unanesthetized Rhesus monkeys at both low and high doses (adapted from Hoffbrand and Forsyth, 87 with written permission from the publisher, The American Society for Pharmacology and Experimental Therapeutics).
